Introduction
============

Our understanding of colon motility, dysmotility, and potential treatments is still in its infancy. Satisfactory assessment of dysmotility and evaluation of treatments geared toward specific motor activities is lacking in part because of a limited understanding of basic mechanisms underlying colonic motor activity. One of the major problems is our lack of understanding of the cellular basis of motor patterns so that targeted pharmacology is difficult to achieve. Two major control systems, the interstitial cells of Cajal (ICC) pacemaker system and all parts of the enteric nervous system (ENS), are critical for normal motor patterns to occur, but their structures and functions are intertwined which has made their specific roles in normal motility control and pathophysiology of dysmotility often difficult to decipher.

The major function of colon motility is to mix and delay transport of content. Mixing motor patterns are important for creating optimal exposure of content to the absorptive surface, optimizing digestion of content, and for bacterial homeostasis. Most motor patterns are involved in mixing, including peristaltic motor patterns (Box [1](#BX1){ref-type="boxed-text"}). Most peristaltic motor activity does not lead to evacuation of content but to mixing and over time slow transport in anal direction. In the search for contributions of ICC to the physiology of gastrointestinal motility (Box [2](#BX2){ref-type="boxed-text"}) it has become clear that ICC and the ENS almost always work together (Box [3](#BX3){ref-type="boxed-text"}). In pathophysiology, injury to ICC in patients with dysmotility is always associated with injury to enteric nerves (Streutker et al., [@B100]; Huizinga and Lammers, [@B43]). This makes it difficult to delineate the specific contributions of both systems to physiology and pathophysiology and it emphasizes the close connections between the two. Although abnormal motility is often attributed to neuropathy based on structural findings (Stanghellini et al., [@B99]), direct associations between manometry abnormalities and abnormal neuronal functional markers are usually not available. Although abnormality of ICC in many intestinal disorders is firmly established (He et al., [@B37]; Wang et al., [@B111]; Huizinga et al., [@B43]), the contribution of ICC to abnormal colonic motilities is still difficult to assess because of our lack of knowledge on their contribution to normal control mechanisms, particularly *in vivo*.

###### Abbreviations and explanation of terms

  Terms                                Explanation                                                                                                                                                                                                                              Comments
  ------------------------------------ ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Rhythmic propulsive motor complex    Low frequency, anally propagating contraction in the rat colon associated with large increases in intraluminal pressure                                                                                                                  Likely identical to CMMCs (below)
  Rhythmic propagating ripple          High frequency, low amplitude contraction in the colon. Propagates either orally or anally                                                                                                                                               
  ICC--MP                              ICC associated with the myenteric plexus                                                                                                                                                                                                 Also called ICC--AP or ICC--MY
  ICC--SMP                             ICC associated with the submuscular plexus in the colon                                                                                                                                                                                  
  ICC--DMP                             ICC associated with the deep muscular plexus in the small intestine                                                                                                                                                                      The anatomical difference between ICC--SMP and ICC--DMP is that only in the latter a thin layer of circular muscle separates the ICC from the submucosa
  ICC-IM                               Intramuscular ICC                                                                                                                                                                                                                        Found within in both circular and longitudinal muscle layers
  Slow wave(s)                         Electrical activity proposed to originate from ICC--SMP in the rat colon (Pluja et al., [@B73])                                                                                                                                          Likely similar in other species including human
  Rhythmic transient depolarizations   Proposed here to underlie rhythmic propulsive motor complexes in the colon and proposed to originate from ICC--MP                                                                                                                        Called "cyclic depolarizations" in the rat colon (Pluja et al., [@B73])
  CMMC                                 Colonic migrating motor complex, described in the mouse colon (Fida et al., [@B29])                                                                                                                                                      Likely identical to "rhythmic propulsive motor complexes" described here. The term CMMC is not used here because of its resemblance to small intestinal MMC\'s that are controlled differently
  Giant migrating contractions         Rarely occurring propulsive contractions that precede defecation (Karaus and Sarna, [@B52])                                                                                                                                              Confusing term since it is also used to describe other motor patterns such as the rhythmic propulsive motor complexes in the rat colon that are not associated with defecation (Gonzalez and Sarna, [@B34])
  Peristaltic reflex                   A reflex that is evoked by local distention and involves afferent sensory neurons, interneurons, and motor neurons leading to a contraction at the oral end and relaxation at the anal end of the stimulus (Spencer and Smith, [@B98])   Often erroneously used to describe a wide variety of peristaltic motor patterns. In textbooks and journal articles, "peristaltic reflex" and "peristalsis" is often erroneously used interchangeably
  Peristalsis                          A circumferential circular muscle ring contraction that propagates and causes movement of content in anal direction                                                                                                                      The "rhythmic propulsive motor complexes" described here fulfill the criteria for a peristaltic motor pattern
  Retro-peristalsis                    A circumferential circular muscle ring contraction that propagates and causes movement of content in oral direction                                                                                                                      

###### Theories about the physiological roles of interstitial cells of Cajal

Ramon y Cajal ([@B79]) theorized that the cells which later became known as ICC, were part of the sympathetic nervous system. They were the last cells of the neural network, communicating with smooth muscle cells. That conclusion was largely based on the fact that ICC were stained together with the enteric nerves when using methylene blue and other "neural" stains. For the following decades, anatomists discussed whether ICC were nerves, connective tissue cells, or fibroblasts (Thuneberg, [@B105]).

Early on Keith ([@B55]) speculated that ICC might be pacemaker cells, a theory picked up by several investigators over the years including scientists from the University of Utrecht between the 1920s and 1950s (Leeuwe, [@B63]; Nelemans and Nauta, [@B69]). Preceding and initiating the recent explosion of studies on the physiological role of ICC were works from Thuneberg and colleagues (Rumessen et al., [@B81]; Thuneberg, [@B104]) and Faussone-Pellegrini et al. ([@B26]). These scientists proposed a role for ICC as pacemakers based on their extensive ultrastructural studies of ICC and the then emerging facts and speculations on the origin of slow wave activity in smooth muscle (see the interesting discussion in Tomita, [@B107]). The theory of ICC as pacemaker cells became established when two studies showed a correlation between absence of pacemaker activity and absence of ICC--MP in the mouse small intestine, using c-kit mutant mice; c-kit is the receptor for Steel Factor, an essential growth factor for this ICC subtype (Ward et al., [@B114]; Huizinga et al., [@B47]). The theory was further supported when isolated ICC, but not isolated smooth muscle cells, were shown to have rhythmic electrical activity (Koh et al., [@B57]; Thomsen et al., [@B103]). It was understood then that this rhythmic electrical activity was the origin of the slow waves that are recorded from smooth muscles.

A role for ICC as pacemakers has found strong support in the stomach where early studies by Bauer et al. ([@B4]) on the dog antrum set the tone. Now both ICC--MP and ICC--IM are proven to be part of the pacemaker network (Hirst and Edwards, [@B39]; Hirst et al., [@B39]). Peristaltic activity in the stomach after feeding occurs in a dramatically rhythmic fashion at the slow wave frequency in all animal species studied. The ICC networks provide pacemaker activity as well as electrical conduction pathways. Although peristalsis is always associated with anally directed transport of content, a major function of peristaltic activity is mixing and grinding when content is forced against the closed or semi-closed pyloric sphincter and swept back into the stomach.

The small intestine was the first organ to be assessed for ICC pacemaker activity in many different laboratories, starting with Thuneberg and Rumessen\'s work (Thuneberg, [@B104]). Correlations between ICC generated slow waves and peristaltic contractions were demonstrated in the mouse small intestine (Der-Silaphet et al., [@B16]). Work from Lammers has clarified propagation characteristics in the small intestine (Lammers and Slack, [@B61]). Different techniques have confirmed their role as pacemaker cells (Park et al., [@B71]); reviewed in (Sanders et al., [@B82]; Streutker et al., [@B100]; Huizinga et al., [@B43]).

The role of ICC as pacemakers in the colon is more controversial. Research started with extensive work on the dog colon where strong evidence was accumulated that ICC--SMP functioned as pacemaker cells (Chow and Huizinga, [@B13]; Smith et al., [@B90]; Liu and Huizinga, [@B65]). Thereafter attention shifted to the small intestine, but recently the mouse and rat colon have received substantial attention as discussed in the present communication.

ICC are intimately linked to vagal afferent innervation (Fox et al., [@B31]; Powley et al., [@B76]) which has been proposed as evidence for a role of ICC in stretch sensing. Thuneberg has provided interesting evidence for this hypothesis in the small intestine related to his observation that there are transient peg and socket junctions formed between ICC and smooth muscle cells, in particular associated with segmentation (Thuneberg and Peters, [@B106]). Evidence for a role of ICC as stretch sensors was also provided in the stomach (Won et al., [@B115]) and mechanosensitive ion channels have been identified in ICC (Park et al., [@B72]; Kraichely and Farrugia, [@B59]).

###### Theories about interactions between ICC and enteric nerves

As noted in Box [2](#BX2){ref-type="boxed-text"}, Ramon y Cajal ([@B79])thought ICC to be part of the sympathetic nervous system. Since then the relationship between ICC and nerves has been a topic of intense discussion (Thuneberg, [@B105]). A breakthrough was achieved when Heather Young et al. ([@B119]) discovered that the embryological development of ICC came from mesenchymal cells and not the neural crest.

It has always been recognized that there is an intimate relationship between ICC and enteric nerve varicosities. Ultrastructural studies suggest that every ICC has a close connection to nerves, which is not the case for every smooth muscle cell. The nature of the connection is either a close contact of 20--200 nm or a synapse-like contact of ∼20 nm with features of synapses such as membrane thickening. Also synaptic proteins have been demonstrated in these structures (Beckett et al., [@B8]). This is not to say that smooth muscle cells never have synapse-like connections with enteric nerve varicosities and it is possible that their number is underestimated (Mitsui and Komuro, [@B68]; Huizinga et al., [@B44]).

It seems logical to assume that the major function of innervation of ICC is to have neural control over pacemaker activity (Huizinga et al., [@B42]). This is consistent with the effects of muscarinic, purinergic, and tachykinergic neurotransmitters on pacemaking (Huizinga et al., [@B41]; Sanders and Smith, [@B83]; Iino et al., [@B50]; Furuzono et al., [@B32]; So et al., [@B92]) and on specific ion channels in cultured ICC (McKay and Huizinga, [@B67]). Consistent with these physiological effects is the presence of neurotransmitter receptors on ICC. For example, in the proximal colon of the guinea pig ICC--IM and ICC--MP express M2 receptors (Iino and Nojyo, [@B49]). Another example is that ICC of the human colon express NK receptors, though their distribution varies widely amongst the different ICC subtypes (Faussone-Pellegrini, [@B27]).

It is interesting to note that there are few studies that attempt to prove a physiological role for ICC--MP in the colon. The hypothesis presented here requires an intensive communication between excitatory neurotransmitters and colonic ICC--MP. Not many studies have addressed receptor composition in colonic ICC--MP nor assessed physiological interactions. Myenteric interstitial cells of Cajal of mouse colon do express several nitric oxide synthase isoforms (Vannucchi et al., [@B109]).

Evidence has been presented to suggest that ICC are an *essential* intermediary for muscle innervation (Nelemans and Nauta, [@B69]; Burns et al., [@B12]). It appeared that without ICC--IM the musculature was not properly innervated by nitrergic (Burns et al., [@B12]) and cholinergic (Ward et al., [@B112]) nerves explained by destruction of neurotransmitter on its way to smooth muscle cells (Ward, [@B112]). Evidence against this intercalation hypothesis was summarized recently (Goyal and Chaudhury, [@B36]).

Motor patterns in colon: neurogenic, or myogenic?
-------------------------------------------------

Studies on colonic motility have focused on slow-wave-associated motor activity and low frequency propulsive motor patterns. Early studies on the dog colon highlighted circular muscle contractions governed by slow waves originating from ICC--SMP (Smith et al., [@B90]; Barajas-Lopez and Huizinga, [@B3]). Early studies on the mouse colon highlighted propulsive contractions that were deemed neurogenic (Lyster et al., [@B66]; Fida et al., [@B29]).

In the dog colon, slow wave activity (pacemaker activity) occurs at 5--6/min (Smith et al., [@B90]; Barajas-Lopez and Huizinga, [@B3]) is associated with circular muscle contractions at the same frequency, but its role *in vivo* and its relationship to transit of content has not been fully elucidated. In addition, oscillatory activity is seen at a much higher frequency of ∼15/min. But the contraction frequency associated with these high frequency oscillations is ∼1/min. That is because the high frequency oscillations occur in bursts, similar to the activity of the colon longitudinal muscle layer (Chow and Huizinga, [@B13]). When those bursts were studied *in vivo*, identified as "long spike bursts" they were associated with propulsion of content (Fioramonti et al., [@B30]). The occurrence of the long spike bursts was clearly stimulus-dependent. When dry food replaced canned food, their frequency went up markedly together with stool increase. But what is governing the burst activity and what is the role of slow-wave-associated contractions?

In the isolated mouse colon, rhythmic propulsive motor complexes were recorded called "colonic migrating motor complexes" (CMMCs; Lyster et al., [@B66]; Fida et al., [@B29]). This was a surprising name at that time because "migrating motor complexes" (MMCs; Szurszewski, [@B102]) were thought to be restricted to the stomach and small intestine. MMCs, the cyclic motor pattern that develops in the stomach during fasting, is regulated by the ENS (Sarna et al., [@B84]); cholinergic nerves providing excitation and nitrergic nerves providing inhibition (Rodriguez-Membrilla et al., [@B80]). The CMMCs were considered neurogenic because hexamethonium and TTX abolished them in the mouse colon (Spencer et al., [@B95]; Spencer and Bywater, [@B94]), and hence they were thought to be the cousins of the MMCs in the small intestine. The CMMCs occurred at ∼0.4/min (Powell et al., [@B74]) and were proposed to be associated with a neural pacemaker (Powell et al., [@B74]). It was noted that TTX caused depolarization of smooth muscle, but subsequent hyperpolarization by sodium nitroprusside did not restore CMMCs (Spencer et al., [@B96]), apparently strengthening the hypothesis that CMMCs are neurogenic. The hypothesis was brought forward that inhibition of the nitrergic component might be *triggering* the CMMCs (Spencer et al., [@B97]) but that was made unlikely when the CMMCs were observed in nNOS knockout mice (Dickson et al., [@B18]). In these mice CMMCs actually occurred at a higher frequency. Hence nitrergic nerves play a role in regulation of the CMMC frequency but their inhibition does not trigger CMMCs. Evidently, the exact nature of the control of CMMCs does not appear to be resolved.

In the human colon, recent studies from Dinning and colleagues ([@B20]) have consistently shown two motor patterns based on high resolution multiple port manometry. They observed high amplitude propulsive contractions at around one per hour and much more frequent rhythmic low amplitude contractions that moved orally and well as anally (Dinning et al., [@B20], [@B21]). In humans, in obstructed defecation, high amplitude anally propulsive contractions were reduced, and low amplitude back and forth movements became dominant (Dinning et al., [@B20]). In severe constipation, a marked decrease in high amplitude propulsive contractions occurred in the mid colon, based on reduced propagation from the proximal colon (Dinning et al., [@B21]). These motor patterns are not easily connected to early studies on human colon electrical activities. The electrical rhythm that was most consistent, i.e., occurred within a narrow frequency range and was reported in most studies was the one that occurs at 3--9/min (Sullivan et al., [@B101]; Snape et al., [@B91]; Sarna et al., [@B85]), associated with "short duration spike bursts"(Bueno et al., [@B11]). *In vitro* studies suggest that this relatively strong electrical rhythm is related to pacemaker activity in the ICC--SMP (Rae et al., [@B78]). It is the activity that is most frequently referred to as the human colonic slow wave. In addition, a higher frequency electrical activity is observed around ∼20 cpm. This is sometimes referred to as myenteric oscillations, and it has been suggested that it is generated by ICC--MP (Rae et al., [@B78]) but it is very likely that this high frequency activity is part of the smooth muscle mechanism of generating action potentials (Chow and Huizinga, [@B13]) and that it is not an exclusive property of ICC--MP. A consistent feature of the high frequency activity is that it occurs in bursts at 0.2--2/min, always accompanied by intense action potential generation (Huizinga et al., [@B46]), identified *in vivo* as a contractile electrical complex (Sarna et al., [@B85]) and "long duration spike bursts" (Bueno et al., [@B11]). Long duration spike bursts are associated with strong contractile activity and are lacking in constipation (Bueno et al., [@B10]). Thus far there is no hypothesis at to the underlying mechanism of the generation of the burst-type activity connected to low frequency mechanical activity (Bueno et al., [@B11]; Huizinga et al., [@B46]) but it possibly relates to activities described by Dinning and coworkers ([@B20]).

Early studies in the rat colon also focused on low frequency (0.9/min in the proximal colon, 0.5/min in the distal colon) rhythmic propagating spike bursts (Ferre and Ruckebusch, [@B28]). These were stimulus-dependent; their frequency increased with feeding and decreased with morphine (Ferre and Ruckebusch, [@B28]) although it persisted after spinal cord transection, and after spinal anesthesia (Du et al., [@B23]). The observation that these rhythmic contractions could be observed in the rat colon in the presence of TTX (Gonzalez and Sarna, [@B35]; Pluja et al., [@B73]) caused uncertainty about the absolute neurogenic origin of this rhythmic motor pattern. Furthermore, in the mouse colon, the electrical correlate of the CMMCs was not abolished by atropine and was associated with muscle membrane conductance changes (Spencer et al., [@B97]; Powell et al., [@B74]). *In vivo* the contractions are seen to be virtually abolished by atropine, although activity re-appears in about 1 h (Li et al., [@B64]). Also in the guinea pig colon, the rhythmic propulsive contractions were sensitive to TTX and hence deemed neurogenic (D\'Antona et al., [@B15]). If these contractions are not neurogenic under all recording conditions, other potential sources of rhythmicity might be proposed and investigated. Although the role of ICC in some motor patterns of the stomach and small intestine is firmly established (Box [2](#BX2){ref-type="boxed-text"}), the role of ICC in control of colonic motor patterns is far from understood and in many studies discussed above, not considered. It does not help that the motor patterns present in the colon are ambiguously defined, in part because of species differences, different recording conditions (*in vivo*, *in vitro*, etc.), and different recording methods (strain gages, intraluminal pressure, barostat, etc.). The objective of the present discussion is to contribute to knowledge and design of future experiments as to how ICC and the ENS may interact to provide coordinated motor activities in the colon.

Objective and formulation of the hypothesis
-------------------------------------------

We build our hypothesis around two motor patterns in the rat colon that we identified in muscle strips and in the whole colon, *in vitro*. In muscle strips upon moderate stretch, two rhythmic motor activities appear, one of relatively high amplitude at 0.5--1.5 cycles/min associated with prolonged depolarizations and one at a higher frequency of 13--15 cycles/min and much lower amplitude associated with slow wave activity (Pluja et al., [@B73]). The electrical activity of the first pattern was documented *in vivo* as propagating bursts of intense action potentials (Ferre and Ruckebusch, [@B28]). A similar motor pattern was seen *ex vivo* with strain gages (Gil et al., [@B33]) and *in vivo* in response to vagal stimulation (Tong et al., [@B108]). In the present study, both motor activities were seen in spatiotemporal maps derived from video recordings of the movements of the whole rat colon *in vitro*. We identified the two motor patterns as follows: the low frequency activity as "rhythmic propulsive motor complexes" and the high frequency activity as "rhythmic propagating ripples" (see below and Box [1](#BX1){ref-type="boxed-text"}).

We propose a hypothesis for the interaction of ICC and enteric nerves and for the cellular origin of the two rhythmic motor patterns. The hypothesis is not intended to replace all other hypotheses related to colonic motility. For example, peristaltic reflexes evoked by pellets occur (Dickson et al., [@B19]). The hypothesis proposed here relates to spontaneous motor patterns and motor patterns evoked by general distention. We propose that there are two independent pacemakers in the rat colon, one housed in the ICC--SMP that is independent of the ENS and the other housed in the ICC--MP that is stimulus-dependent, usually dependent on neural activity *in vivo*. The pacemaker activity of the ICC--SMP has a relatively fast frequency and is associated with rhythmic propagating ripples and the stimulus-dependent pacemaker activity of the ICC--MP has a relatively low and quite variable frequency and is associated with rhythmic propulsive motor complexes. The two pacemakers propagate independently. Strong propulsive propagating contractile activity occurs at the frequency and propagation velocity of the ICC--MP pacemaker. This propulsive motor pattern occurs in an anal direction, is associated with a marked increase in intraluminal pressure and is associated with outflow. The force of contraction is particularly strong when the two pacemaker activities are superimposed at the level of smooth muscle. This hypothesis explains discrepancies in the literature regarding the myogenic or neurogenic nature of the rhythmic propulsive motor complexes.

Materials and Methods
=====================

Preparation
-----------

In all experiments the colon was taken from adult female Sprague-Dawley rats of either sex weighing 250--500 g. Animals were anesthetized with isoflurane and killed by cervical dislocation. The entire colon was removed and placed in warm oxygenated Krebs solution. Krebs solution consisted of (mmol L^−1^) NaCl 118.1, KCl 4.8, NaHCO~3~ 25, NaH~2~PO~4~ 1.0, MgSO~4~ 1.2, glucose 11.1, and CaCl~2~ 2.5. The contents of the colon were flushed out using warmed Krebs. The colon was submerged into an organ bath containing warmed oxygenated Krebs solution (37°C). The distal and proximal ends were cannulated and fixed to the bottom of the organ bath. Inflow of Krebs was kept at 6 cm H~2~O. Intraluminal pressure was measured at the mid colon using a tube from the distal end attached to the outflow tube. The tube was attached to a pressure transducer. The outflow was measure using a second pressure transducer with a tube placed into a container collecting outflow from the colon segment. The colon was left to equilibrate for 20--30/min. A video camera was mounted above the preparation and each experiment was recorded in its entirety. For the data described below, 18 experiments on 18 animals were analyzed.

Experimental protocol
---------------------

Krebs solution was introduced into the proximal end and motility was recorded with the video camera. Intraluminal pressure and outflow were recorded simultaneously. Hundred micromolar lidocaine was used to block neural activity and 0.2 μM tetrodotoxin (TTX) was used to verify the lidocaine results. Two hundred micromolar nitro-[l]{.smallcaps}-arginine (L-NNA) was used to inhibit nitric oxide synthesis. All drugs were from Sigma-Aldrich (Oakville, ON, Canada).

Spatiotemporal mapping
----------------------

A "spatiotemporal map" is an image representation of motor activity. Colon width (coded as image intensity, black to white) is calculated at each point along the colon\'s length (image Y-axis), for each video frame (image X-axis). Diagonal streaks of dark color represent propagating contractions. Maps were calculated with a custom Java algorithm loosely based on (Hennig et al., [@B38]).

Immunohistochemistry
--------------------

Both whole-mounts and frozen sections were made from mid colon of rats and mice. Musculature and submucosal whole-mounts were prepared to reveal the networks of ICC--MP and ICC--SMP, respectively. Tissues were fixed in either 4% (w/w) paraformaldehyde in phosphate-buffered saline (PBS) for 1 h for rat tissues or ice-cold acetone for 10/min for mouse tissue. After fixation preparations were incubated with 1% bovine serum albumin for 1 h to block non-specific staining. Tissues were incubated with primary antibodies overnight, followed by secondary antibody incubation of 1 h at room temperature. Primary antibodies were: 1:100 rabbit anti-c-Kit (Dako Canada Inc., Burlington, ON, Canada) for rat tissue, 1:200 rat anti-c-Kit (Cedarlane, Oakville, ON, Canada) for mouse tissue and 1:100 goat anti-vesicular acetylcholine transporter (VAChT; Santa Cruz Biotechnology, Santa Cruz, CA, USA) for both rat and mouse tissues. Secondary antibodies were either 1:600 Cy3, 1:100 Cy2 conjugated IgG (Jackson ImmunoResearch, West Grove, PA, USA), or 1:200 biotinylated IgG from Vectastain ABC Kit (Vector Lab. Inc., Burlingame, CA, USA). For ABC staining, 3,3′-diaminobenzidine (DAB) was used as a peroxidase substrate. All antibodies were diluted in 0.3% Triton X-100 in PBS (pH 7.4). Control tissues were prepared by omitting primary antibodies. Tissues were examined with either a confocal laser scanning microscope (Zeiss LSM 510, Germany) with an excitation wavelength appropriate for fluorescein isothiocyanate (494 nm) and Texas Red (595 nm); or with a digital camera (Sony 3CCD, Model no. DXC-930; Tokyo, Japan) attached to a conventional microscope.

Results
=======

Two motor patterns and their interaction
----------------------------------------

Distention of the colon to ∼6 cm H~2~O intraluminal pressure *in vitro*, induced motor activity showing two patterns (Figures [1](#F1){ref-type="fig"} and [2](#F2){ref-type="fig"}). The first pattern consisted of rhythmic, low frequency (0.3--2/min; average 1.2 ± 0.2/min), large amplitude contractions which began in the proximal colon and propagated in an anal direction (Figures [1](#F1){ref-type="fig"}A--C). The duration of these contractions was 34 ± 4 s. Frequency and propagation velocity in the proximal colon was usually quite regular (Figure [1](#F1){ref-type="fig"}A, arrows). Under our experimental conditions (∼6 cm H~2~O intraluminal pressure) these contractions, starting in the proximal colon, did not all propagate into the mid colon and usually there was a pattern to it, i.e., one out of three or four (∼40%) would propagate into the mid colon; consequently, the average frequency in the mid colon was 0.5 ± 0.1/min. Upon reaching the mid colon, the velocity might become irregular and the contraction terminated usually at the beginning of the distal colon. As this motor activity was always propagating in an anal direction and was large enough in amplitude, it caused large increases in intraluminal pressure (Figure [1](#F1){ref-type="fig"}B) to induce outflow (Figure [1](#F1){ref-type="fig"}C), hence we called the contractions "rhythmic propulsive motor complexes."

![**Two motor patterns, intraluminal pressure changes, and outflow**. **(A)** A spatiotemporal map of rat colonic motility (circular muscle activity) over a 20-min period. Black is narrowing of the lumen, hence circular muscle contraction and white is relaxation or widening of the lumen. For each map, the Y-axis is distance along the colon (proximal colon = bottom third, mid colon = middle third, distal colon = top third); the X-axis is time. Thirteen rhythmic propulsive motor complexes are seen to propagate anally in the proximal colon \[arrows underneath **(A)**\] and some are continuing to propagate into the mid colon at decreased velocity. Within these motor complexes, rhythmic propagating ripples occur at a much higher frequency and propagate in a different direction \[arrows in **(D,E)**\]. The dotted line in **(A)** indicates the position of the intraluminal pressure transducer. The rhythmic propulsive motor complexes in the mid colon are accompanied by strong increases in intraluminal pressure **(B)** and outflow of content **(C)**, measured simultaneously. The outflow **(C)** was collected in a cylinder and measured as increase in pressure measured at the bottom of the cylinder. **(D)** Enlargement of box in the mid colon. **(E)** Enlargement of box in the proximal colon.](fnins-05-00093-g001){#F1}

![**Interaction between the two motor patterns**. **(A)** The rhythmic propagating ripples are part of the rhythmic propulsive motor complexes. One can see a marked increase in amplitude (blackness) of the ripple contractions within the rhythmic propulsive motor complexes as compared to the time period in between these complexes. However, the propagation of the two types of activity appears independent. **(B)** When the rhythmic propulsive motor complexes are very strong, the rhythmic propagating ripples appear to summate and relatively long-lasting constrictions (broad black bands) occur. **(C)** Intraluminal pressure changes accompanying the rhythmic propulsive motor complexes in A at the dotted line. Strong intraluminal pressure changes occur during the rhythmic propulsive motor complexes but they consist of contractions at the rhythm of the rhythmic propagating ripples. **(D)** The rhythmic propulsive motor complexes are accompanied by strong intraluminal pressure increases. Here, the high frequency intraluminal pressure transients are seen to summate which leaves a single pressure change \[occurring at the dotted line in **(B)**\]. **(E)** Presented here is a single line from the data file underlying **(A)** (at dotted line), showing in a different way the fact that the rhythmic propagating ripples have a much higher amplitude during the time frame of the rhythmic propulsive motor complexes than outside of that time frame. **(F)** Single line from data file underlying **(B)** at dotted line.](fnins-05-00093-g002){#F2}

The second pattern consisted of rhythmic, high frequency (6--12/min; average 9.5 ± 0.5/min; the duration was short 5 ± 1 s), small amplitude contractions which were confined to the proximal and mid colon. Propagation origin, direction, and velocity were quite variable (Figures [1](#F1){ref-type="fig"}, [2](#F2){ref-type="fig"}, and [3](#F3){ref-type="fig"}A). We called these contractions "rhythmic propagating ripples." The propagation direction was often opposed to that of the rhythmic propulsive motor complexes (Figures [1](#F1){ref-type="fig"}E and [2](#F2){ref-type="fig"}A) and the presence of one contraction did not depend on the presence of the other. Their amplitude was large enough to be registered as intraluminal pressure transients, but not large enough to cause outflow, even when propagation was anal, except when the two motor patterns coincided (Figures [1](#F1){ref-type="fig"} and [2](#F2){ref-type="fig"}).

![**Are rhythmic propulsive motor complexes neurogenic?** Spatiotemporal maps **(A,C,E,G)** and corresponding intraluminal pressure recordings \[**(B,D,F,H)** respectively\] of the same preparations under control conditions **(A,B)**, 100 μM lidocaine **(C,D)**, 100 μM lidocaine + 1 μM carbachol **(E,F)** and 100 μM lidocaine + 4 μM carbachol **(G,H)**. **(I)** Stretch evoked contractions of rat colon circular muscle strips *in vitro* (muscle bath), occurring at the same frequency as the rhythmic propulsive motor complexes, were not influenced by the addition of 100 μM lidocaine (added at arrow).](fnins-05-00093-g003){#F3}

One of the reasons to call the first motor pattern "rhythmic propulsive motor *complexes*" was that the rhythmic propagating ripples were most often seen as part of the motor complex. The two motor patterns appeared additive. When the rhythmic propagating ripples propagated "into" the propulsive motor complex, the amplitude of the ripples increased (Figures [2](#F2){ref-type="fig"}A,C). Hence, on the one hand, the direction of propagation of the rhythmic propagating ripples was independent of the rhythmic propulsive motor complexes suggesting that they were controlled by different control systems. On the other hand, there was a clear interaction: when one follows a propagating ripple in Figure [2](#F2){ref-type="fig"}A, one sees that the amplitude of the ripple increases when overlap with the rhythmic propulsive motor complexes occurs, only to reduce strongly in amplitude when the overlap ends.

Are the rhythmic propulsive motor complexes neurogenic?
-------------------------------------------------------

Lidocaine (100 μM) or TTX (0.2 μM), blockers of neuronal sodium channels, blocked rhythmic propulsive motor complexes in the mid colon and inhibited but did not abolish them in the proximal colon (Figure [3](#F3){ref-type="fig"}). The fact that rhythmic propulsive motor complexes often continued in the proximal colon indicated that neural input provided a dominant stimulus but was not essential for this motor pattern. We reasoned that if the ENS provided a stimulus but was not the pattern generator, then mimicking this stimulus by a muscarinic agonist, might restore this motor pattern in the presence of ENS block. This was indeed what happened. In the presence of lidocaine, carbachol (1--2 μM) induced rhythmic propulsive motor complex (Figures [3](#F3){ref-type="fig"}G--H). The frequency of propulsive motor complexes in the mid colon was in fact greater than under control conditions (0.8 ± 0.2/min versus 0.5 ± 0.1/min) and the complexes extended into the distal colon.

Rhythmic propulsive motor complexes were also abolished by atropine (2 μM, *n* = 3; not shown) indicating that the primary neural stimulus comes from cholinergic motor neurons under our experimental conditions. Conversely 200 μM L-NNA, a blocker of nitric oxide synthesis increased the complex frequency from 0.5 ± 0.2 to 0.8 ± 0.2/min (*n* = 5).

Hence although rhythmic propulsive motor complexes as well as rhythmic propagating ripples have their pattern generator outside the ENS, the expression of rhythmic propulsive motor complexes is controlled by a balance of inhibitory nitrergic and excitatory cholinergic inputs from the ENS in the whole colon *in vitro* and likely *in vivo* as well. This should be reflected by physical interaction of ICC networks and the ENS.

Interaction of the two ICC networks with the ens
------------------------------------------------

Both ICC--MP (Figure [4](#F4){ref-type="fig"}A) and ICC--SMP (Figure [4](#F4){ref-type="fig"}C) in the rat colon are dense networks of multipolar, stellate, occasionally elongated cells. The ICC--SMP network is embedded in the submucosa at the edge of the inner circular muscle. The two networks do not appear to be connected to each other (Figure [4](#F4){ref-type="fig"}B). Since our hypothesis requires cholinergic innervations of ICC--MP, we carried out co-staining of c-Kit to identify ICC and VAChT to identify cholinergic nerves in the rat and mouse colons. According to their shape, most of the VAChT positive structures are axon varicosities within nerve strands and ganglia (Figures [4](#F4){ref-type="fig"}D--F). ICC--MP follow closely the outline of VAChT positive nerve strands (Figures [4](#F4){ref-type="fig"}D,F) and the myenteric ganglia containing VAChT positive nerves (Figure [4](#F4){ref-type="fig"}E). They also closely appose individual cholinergic nerve varicosities at the level of myenteric plexus (Figures [4](#F4){ref-type="fig"}D,F). Bipolar shaped intramuscular ICC (ICC--IM; Figure [4](#F4){ref-type="fig"}G) were also intimately associated with the cholinergic nerves in both muscle layers.

![**Distribution of rat and mouse colonic ICC and cholinergic neurons**. c-Kit immunostaining of ICC--MP **(A)** and ICC--SMP **(C)** in whole-mounts of the rat colon and a cross-section **(B)**. LM, longitudinal muscle; MP, myenteric plexus; CM, circular muscle; SubM, submucosa. Both ICC--SMP and ICC--MP form dense networks at the level of the submuscular plexus and the myenteric plexus respectively. ICC--SMP run parallel to the circular muscle layer. **(D--G)** Double immunostaining of VAChT (red) and c-Kit (green) to show the cholinergic nerves and ICC--MP **(D--F)** or ICC--IM **(G)** in whole-mounts of the rat **(D,E)** and mouse **(F,G)** colons. ICC--IM closely align the boundaries of myenteric ganglia **(E)** or nerve strands **(D,F)**. All arrows indicate intimate contacts between ICC processes and cholinergic nerves. In **(F)**, two processes (arrows \#1 and \#2) from two mouse ICC--MP cell bodies (labeled as 1 and 2), respectively, are closely associated with two cholinergic nerves at the level of myenteric plexus.](fnins-05-00093-g004){#F4}

Development of the Hypothesis
=============================

We propose that rhythmic propagating ripples have the ICC--SMP network as pacemaker. This pattern is not markedly changed by lidocaine or carbachol and appears to be the equivalent to the TTX resistant "high frequency, low amplitude contractions" Pluja et al. ([@B73]) recorded from muscle strips. This activity was only observed when ICC--SMP were attached to the muscle and its electrical counterpart was recorded as omnipresent slow wave activity (Pluja et al., [@B73]). Similar electrical activity was linked to ICC--SMP in the mouse colon (Yoneda et al., [@B118]). These ripples will disturb colonic content at the mucosal surface thereby likely optimizing absorption. The contractions are not reflected in marked changes in intraluminal pressure and are not associated with outflow of content, that is: when not associated with the ICC--MP pacemaker, see below. Therefore ripple contractions may not be characterized as performing peristalsis.

We propose that rhythmic propulsive motor complexes have the ICC--MP as pacemaker and not the ENS. This is based on the following experimental observations, taken together.

1.  In the proximal colon rhythmic propulsive motor complexes were inhibited but not abolished by TTX or lidocaine. This means that in the proximal colon their existence and propagation do not require active neurons.

2.  In the mid colon rhythmic propulsive motor complexes were blocked by TTX and lidocaine but when another stimulus (carbachol) was introduced, they resumed with characteristics identical to that before neural blockade. This strongly suggests that under control conditions the nervous system supplied the stimulus but was not the mechanism creating the rhythmicity.

3.  The rhythmic propulsive motor complexes occur at a frequency of ∼1/min. In muscle strips, high amplitude contractions of the circular muscle occur at a similar frequency. These contractions are dependent on muscle stretch and under stretch occur in the presence of lidocaine or TTX indicating that *in vitro*, muscle stretch is a sufficient stimulus.

4.  In muscle strips, the equivalent of the rhythmic propulsive motor complexes are only present when the ICC--MP are intact (Pluja et al., [@B73]). In the mouse colon, rhythmic propulsive motor complexes ("CMMCs") can be recorded after removal of the mucosa, submucosa, and submuscular plexus (Keating and Spencer, [@B54]). This is consistent with the proposed role of ICC--MP.

5.  *In vitro*, the equivalent of the rhythmic propulsive motor complexes are associated with rhythmic transient depolarizations (Pluja et al., [@B73]; Powell et al., [@B74]). These depolarizations are dependent on L-type calcium channel activity (Pluja et al., [@B73]), indicating that they are *stimulus-dependent* (similar to the guinea pig small intestine Donnelly et al., [@B22]) since they require depolarization above threshold for L-type calcium channel activation.

The proposal is that intrinsic rhythmic depolarizations from the ICC--MP underlie the rhythmic propulsive motor complexes, and that this electrical activity is responsible for the propagating nature of the contractions. Interestingly, the rhythmic activity appears to have a frequency gradient. *In vitro*, the contractions had a much higher frequency in proximal strips compared to distal strips (Alberti et al., [@B1]). In fact, this frequency gradient has been observed measuring equivalent electrical activity *in vivo* (Ferre and Ruckebusch, [@B28]), or propagating contractions measured by strain gages (Li et al., [@B64]). It is therefore possible that the mechanism of propagation is similar to that of slow wave propagation in the small intestine which is based on the existence of a frequency gradient (Diamant and Bortoff, [@B17]). The origin of a propagating contraction is the site of the highest frequency slow wave that paces neighboring activity. When mouse colonic CMMC\'s were interrupted in the mid colon by nerve blockade, they appeared in the distal colon at a reduced frequency (Powell et al., [@B75]).

For decades, certain propagating rhythmic motor patterns in the colon have been described as either neurogenic (blocked by TTX) or myogenic (insensitive to TTX). When motor activities are abolished by TTX, it is usually assumed or stated by the investigators that the ENS controls occurrence, rhythmicity, and propagation, although no evidence other than TTX sensitivity is usually provided. In some cases, similar contraction patterns appeared neurogenic *in vivo* or *ex vivo* but myogenic *in vitro* (Gonzalez and Sarna, [@B35]; Li et al., [@B64]). We now give an explanation for this apparent contradiction, bringing the interpretation to a consensus in that motor patterns are generated by ICC pacemaker activity that is dependent on a stimulus, the stimulus being provided predominantly by the ENS *in vivo*. The fact that such motor activities are not abolished by TTX *in vitro* is explained by the notion that neural activity is not the only possible stimulus that can evoke the motor pattern; stretch and activation of muscarinic receptors being two other potential stimuli. Recently strong evidence for the neural induction of pacemaker activity in ICC--MP was provided using simultaneous calcium imaging in nerve varicosities and ICC--MP (Bayguinov et al., [@B7]). During an evoked rhythmic propulsive motor complex, calcium transients appeared in nerve varicosities overlying ICC--MP, followed by relatively long but transient calcium increases in ICC (Bayguinov et al., [@B7]; see also Figure [5](#F5){ref-type="fig"}), which was followed by calcium transients in smooth muscle (Bayguinov et al., [@B7]).

![**Schematic drawing of the proposed electrophysiological basis of the rhythmic propulsive motor complexes**. **(A)** Smooth muscle cells of the colon may only receive slow wave activity propagated from ICC--SMP (top line). This may be associated with small amplitude contractions if the slow waves barely pass threshold (dotted line) for generation of action potentials dependent on activation of L-type calcium channels. When the rhythmic transient depolarizations hypothesized to come from ICC--MP under stimulated conditions (middle line) are also received by the smooth muscle cells, de cells will obviously rhythmically depolarize and the slow waves will be pushed well above the threshold and hence action potentials and hence contractions may become much more prominent. **(B)** Actual electrical recordings from the rat colon circular muscle, modified from previously published figures (Pluja et al., [@B73]1).Top line shows slow waves originating from ICC--SMP, bottom line shows in addition a transient depolarization coming from ICC--MP. **(C)** Synchronized rhythmic calcium transients from two ICC--MP of the mouse colon (Lowie and Huizinga, unpublished). Y-axis are in arbitrary units, the X-axis bar = 5 s. **(D)** Activity recorded from circular muscle associated with ICC--SMP of the mouse colon (top line) and activity recorded from a longitudinal smooth muscle cell probably influenced by ICC--MP; modified figure from (Yoneda et al., [@B117]4).](fnins-05-00093-g005){#F5}

Based on the electrophysiological work from the laboratory of Jimenez *in vitro* on the rat colon (Pluja et al., [@B73]; Alberti et al., [@B2]) ICC--SMP generate slow waves that cause rhythmic depolarization of smooth muscle cells, leading to rhythmic propulsive ripples under un-stimulated conditions. Slow waves can propagate in either an oral or anal direction, usually over short distances. The ICC--MP generate rhythmic transient depolarizations that propagate in anal direction. This happens only after excitatory stimulation that can be evoked by distention alone, by activity of the ENS or by pharmacological means (such as a muscarinic agonist). The frequency and amplitude of the rhythmic depolarization is likely to be highly variable because it will depend on stimulus strength.

Slow waves (ripples) and rhythmic transient depolarizations (motor complexes) are independently controlled since the presence of one is not dependent on the other and they can propagate in opposing directions. They appear to be additive in terms of contraction and this also appears to be the case for muscle depolarization (Pluja et al., [@B73]). This suggests that the muscle has a graded contractile response to depolarization. This graded response is likely related to the extent to which the smooth muscle cells are above threshold for generation of L-type calcium channel dependent action potentials (Figure [5](#F5){ref-type="fig"}). In addition, graded responses could be associated with non-uniform thresholds and/or heterogeneous resting membrane potentials. The latter is particularly likely since there is significant evidence for the resting membrane potential being graded along the thickness of the muscle wall (Liu and Huizinga, [@B65]; Sha et al., [@B86]). In addition to the electrical activities received from both networks of ICC, the smooth muscle cells can receive directly excitatory (depolarization) and inhibitory (hyperpolarization) stimuli from the ENS or from blood born substances.

Discussion
==========

All published studies involving rhythmic propulsive motor complexes as discussed here propose that they are orchestrated by the ENS. Our interpretation is that the motor complexes are indeed dependent on neural activity, but that the dependency lies in neurally dependent excitation of the ICC--MP and concomitant neural-excitation of the smooth muscle. Hence we propose that it is the ICC--MP pacemaker activity that provides the rhythmicity.

ICC--MP in the colon associate with cholinergic nerves of the myenteric plexus. Although synapse-like connections were not observed when we studied this at the ultrastructural level, the intimate relationship between ICC--MP and VAChT positive nerve endings suggests extensive functional cholinergic innervation of ICC--MP. Indeed, this has recently been demonstrated using calcium imaging in the network of ICC--MP (Bayguinov et al., [@B7]).

Peristaltic propulsive motor complexes are often thought to be associated with the "peristaltic reflex." That is: oral excitation and anal relaxation relative to a focal stimulus. That this classical reflex occurs is beyond question and has been demonstrated by balloon distention (Spencer and Smith, [@B98]) in the guinea pig distal colon. However, much of colonic motility is not evoked by point excitation but by more general excitation due to distention of a larger section of the colon filled with content. This will give a maintained stimulus and not a transient stretch stimulus. And even pellets can produce a maintained stimulus. Smith et al. ([@B89]) wrote: "the observation that a fixed maintained stimulus can evoke these rhythmic peristaltic waves may seem unusual since enteric neural reflex stimulation of the colon usually evoked a phasic response." Are TTX sensitive motor patterns in the colon necessarily evoked by a reflex? Similar to the guinea pig ileum (Spencer et al., [@B93]), the "law of the intestine" is unlikely to be responsible for the rhythmic propulsive motor complexes in the colon. Rhythmic propulsive motor complexes in the colon that are abolished by TTX, could have their origin in (1) Rhythmic transients depolarizations in smooth muscle cells that are evoked by rhythmically firing excitatory nerves. (2) A myogenic slow wave that does not reach threshold for generation of contraction, and is elevated by activity of enteric nerves on smooth muscle cells. (3) Neural-excitation evoked pacemaker activity in a latent ICC pacemaker network in addition to neural and/or stretch evoked excitation to smooth muscle. We propose that the studies discussed here on the colon provide data that is most consistent with the third option. Why would the nervous system not provide the rhythmicity? The ENS can generate rhythmic motor patterns, since it is the primary regulator of the MMC in the small intestine, the rhythmic motor activity that occurs during fasting. However, the rhythmic propulsive motor complexes in the colon described here, occur at a much faster frequency, are not restricted to fasting, and can be recorded in the presence of TTX. In addition, no rhythmic neural activity has been recorded in myenteric ganglia, whereas the capability of ICC networks to produce rhythmic activities has been demonstrated numerous times. Wood suggests the existence of burst-type neurons that are endogenous oscillators (Wood, [@B116]) but electrophysiological data to support that rhythmic motor complexes in the colon are associated with neuronal pacemaker activity has not been forth coming.

*In vivo* versus *in vitro*
---------------------------

The rhythmic propulsive motor complexes in the rat colon occur *in vivo* at 0.6 contraction/min and are inhibited by atropine or hexamethonium to ∼0.05/min in the proximal colon; in the distal colon they occur at 0.2/min and they disappear with these drugs (Li et al., [@B64]). The usual interpretation of such findings is that the motor complexes are neurogenic. However, when these motor complexes are evoked in muscle strips, their amplitude is actually enhanced by TTX and the frequency is increased from 0.2 to 0.8 contractions/min, whereas atropine does not have a significant effect (Gonzalez and Sarna, [@B35]). These numbers are the same for the effect of L-NNA *in vitro* suggesting that the main effect of TTX is due to inhibition of nitrergic neurons. But clearly, the cholinergic nerves are also blocked hence there is no need for cholinergic nerve activity *in vitro*. In the present experiments, in a whole segment of rat colon *in vitro*, TTX, and lidocaine abolished the motor complexes in the mid and distal colon, but not in the proximal colon. Why these differences? The *in vitro* muscle strips still contain the ENS of course and electrical field stimulation can activate inhibitory and excitatory motor neurons. Yet the neural stimulus has lost its dominance over the stretch or tension stimulus as seen *in vivo*. One likely explanation is that the stimulus from the ENS only works optimally when the circuitry is intact circumferentially, likely because the AH sensory nerves are oriented circumferentially (Kunze and Furness, [@B60]). Gonzalez and Sarna ([@B35]) suggested that stretch *in vitro* is able to trigger the same cellular mechanism as ACh does *in vivo*. Indeed, that mechanism could be stretch- or neurally-evoked pacemaker activity in ICC--MP.

Stimulus dependency
-------------------

Recently an interesting debate took place in the pages of Gastroenterology on controversies about the control of cyclic motor activity in the colon, between the laboratories of Terry Smith (Smith et al., [@B88]) and Nick Spencer (Keating and Spencer, [@B53]) both working on the mouse colon. We believe that our theory can handily incorporate the scientific findings from both groups and alleviate the apparent contradictory results of these two outstanding laboratories. At the heart of the debate is the statement by Keating and Spencer that 5HT released from enterochromaffin cells are not required for generation and propagation of CMMCs. We agree with this statement. In our hands in both the rat colon (documented here) and the mouse colon (Jimenez, unpublished) the rhythmic motor complexes occur unabated in mucosa free preparations. We also agree with the statement by Keating and Spencer that "the intrinsic pacemaker and pattern generator underlying the CMMC generation and propagation is located within the myenteric plexus and/or the muscularis externa," although we consider it interesting that not even consideration is given to the ICC network that lies within the myenteric plexus of the guinea pig colon, a network that is designed for pacemaking and propagation. Smith et al. ([@B88]) basically agree with the statement that 5HT is not required \[despite the fact that a letter to the editor was sent to contradict Keating and Spencer\'s ([@B54]) study\] since they have shown that stretch evoked CMMCs are not blocked by ondansetron and CMMC\'s can be evoked electrically in mucosa free preparations. Smith and coworkers point out that 5HT from enterochromaffin cells is involved in the initiation of CMMCs by brushing the mucosa (Bayguinov et al., [@B6]); we do not think that there is any disagreement about this. The main reason why our hypothesis encompasses the data from both groups is that we stress that at the heart of the CMMCs (which we call here rhythmic propulsive motor complexes mainly because we believe them to be fundamentally different from the fasting MMCs of the small intestine) are the stimulus-dependent rhythmic depolarizations generated by the ICC--MP within the myenteric plexus. Our point is that this stimulus can be many things: stretch via a pellet, distention over a length of the colon, stretch in the presence of TTX in muscle strips, pharmacological means such as activation of muscarinic receptors. It is possible that 5HT is essential for some of these stimuli such as mucosal stroking. Smith and coworkers come close to our hypothesis when they conclude that "CMMC generation cannot be considered just a neural event but a synergistic interaction between neural and ICC networks" (Dickson et al., [@B18]). However, they link the ICC--MP to the fast oscillations and the "slow-depolarization" to muscarinic and NK1 receptor activation on smooth muscle. Our evaluation of the literature and our own work leads to the proposal that the slow transient depolarizations carrying the CMMCs in the mouse or the rhythmic propulsive motor complexes described here in the rat colon are generated by ICC--MP.

If our hypothesis is correct, the extrinsic neural mechanisms (i.e., gastrocolonic reflexes, stress etc.) that cause an increase in the frequency of propulsive contractions in the rat colon should converge in an increase of the release of acetylcholine acting on ICC increasing the frequency (ICC) and force (smooth muscle) of contractions. In contrast extrinsic neurons converging in activation of inhibitory neurons might cause decreased frequency of contractions (NO--ICC) or even phasic smooth muscle hyperpolarization and relaxation (NO/ATP-smooth muscle; Gil et al., [@B33]).

The membrane potential gradient in the colon is such that in intact tissue, the smooth muscle cells bordering the submucosa are more hyperpolarized compared to those at the myenteric plexus as shown in the dog (Smith et al., [@B90]; Liu and Huizinga, [@B65]) and mouse colon (Sha et al., [@B87]). In the stomach, the ICC network associated with the myenteric plexus border is the most hyperpolarized (Bauer and Sanders, [@B4]). It is likely that it is a network of ICC that pulls the membrane potential down, likely via CO synthesis (Sha et al., [@B86]) although in the mouse colon submucosal nerves may be involved (Sha et al., [@B87]). Interestingly, the ICC network that is doing the pulling, in the colon, stomach, and intestine, is the one that generates the omnipresent slow wave. This has the advantage that under most conditions, it is the slow wave plateau that surpasses the mechanical threshold securing phasic contractile activity and never the resting membrane potential that is too hyperpolarized. It is possible that as a protective mechanism against unwanted contractile activity, the ICC--SMP remain hyperpolarized by CO, whereas the ICC--MP have nifedipine sensitive slow waves, hence they do not occur in any case below the threshold for activation of L-type calcium channels.

Rat colon compared to other species
-----------------------------------

The mouse colon has similar activity as the rat colon (Lyster et al., [@B66]). The cyclic depolarizations are sometimes referred to as "classical slow waves," but they are nifedipine sensitive hence they are stimulus-dependent and therefore not "classical" slow waves (Zhang et al., [@B120]). The hypothesis presented here for the rat colon is entirely consistent with the data and discussion presented by Takaki and coworkers on the mouse colon (Yoneda et al., [@B117]). Although the guinea pig is often considered to be "slow wave free," stimulus-dependent slow wave activity is clearly present in the guinea pig small intestine (Donnelly et al., [@B22]) and is likely to occur in the ICC of the guinea pig colon (Komuro, [@B58]). The human colon exhibits a relatively strong electrical rhythmic activity from 3 to 12/min but also a much slower rhythm that has superimposed high frequency oscillations and action potentials and this appears to be associated with a strong motor activity at a frequency of 1--3/min (Bueno et al., [@B11]). We speculate that in the human colon, transient depolarizations that must underlie the bursts of action potentials (Bueno et al., [@B11]) and/or rhythmic propulsive contractions (Dinning et al., [@B21]) are generated by ICC--MP, similar to the rat colon.

The colon, compared to other gut organs
---------------------------------------

Is the proposed hypothesis on stimulus-dependent ICC pacemaker activity in the colon applicable to other organs of the gut? The esophagus does not normally present with rhythmic contractile activity but, at least *in vitro*, can easily be evoked to do so. In the cat, muscarinic stimulation can evoked slow wave activity that is accompanied by peristalsis (Preiksaitis and Diamant, [@B77]). Since ICC--MP are rare in the cat esophagus (Huizinga et al., [@B45]) but ICC--IM are numerous, it may be speculated that ICC--IM are related to the generation of the slow waves. ICC--IM are closely linked to vagal nerves which might provide the stimulus, possibly by blocking aminacrine-sensitive K channels (Walton and Huizinga, [@B110]).

In the stomach there is strong evidence for interactions between ICC--MP and ICC--IM (Edwards and Hirst, [@B24]; Hirst and Edwards, [@B39]), and it appears that cooperation between the two pacemaker networks generates the one dominant stomach motor activity, anally directed peristalsis. Whether both of the networks have intrinsic and/or stimulus-dependent pacemaker activity has not been carefully assessed. Interestingly whereas the fundus is rarely considered to harbor pacemaker activity, recent reports show burst-type transient depolarizations associated with fundic ICC--IM in the rat (Kito et al., [@B56]) and the origin of pacemaking in the canine stomach was shown to be in the upper fundus (Lammers et al., [@B62]).

Similar to the colon, the small intestine has an ICC network associated with the myenteric plexus as well as one at the border of the submucosa albeit just inside the circular muscle layer, hence called ICC--DMP. A role for ICC--DMP in pacemaking has been suggested rarely. A study in the canine ileum by Jimenez et al. ([@B51]) recorded "triangular" depolarizations from cross-sectioned preparations at the level of the DMP. This electrical activity appeared independent from the slow wave activity generated by ICC--MP. In the cat intestine, acetylcholine-induced slow waves have been reported to occur in early studies (Dahms et al., [@B14]) and Bolton has extensively studied acetylcholine-induced slow waves in the guinea pig ileum (Bolton, [@B9]). Interestingly rhythmic low and high frequency propagating motor activity is very often encountered (Ehrlein et al., [@B25]; Nieuwmeyer et al., [@B70]) and we have preliminary data that suggests that the proposed theory of independent but cooperating ICC pacemaker systems may also apply to the small intestine (Huizinga and Kunze, unpublished).

In summary, evidence that the world of the ENS and the world of ICC are inextricably intertwined is unrelentingly marching forward. To proof that the ICC--MP generate stimulus-dependent pacemaking that governs a dominant propulsive motor activity in the colon studies on ICC--MP, more molecular, electrophysiological, and functional studies need to be done on this ICC network.
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